glucose concentrations were lower at age 20 days (controls 1.58 * 0.26 vs. test 1.14 * 0.07 rmol/g) but other alterations in brain glucose, glycogen, ATP, or phosphocreatine concentrations were not found.
Brain mitochondrial glutamate dehydrogenase activity was 21% and 30% lower in undernourished animals at ages 10 and 20 days, respectively. Brain mitochondrial and supernatant isocitrate dehydrogenase activities and pyruvate kinase activity were similar for undernourished and control animals.
Brain glycogen levels were 2-4 times higher in late fetal and newborn control animals (13.6 and 15.3 rmol/g) than in older animals (4.2-5.7 rmol/g). Brain glucose, ATP, and phosphocreatine levels increased from the 15-day fetus to the newborn, but thereafter showed no further increase.
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Speculation
Reduced utilization of glucose to form lipids could account for the previously described reductions in brain lipids resulting from undernutrition.
The effects of postnatal undernutrition on brain biochemical development and on intellectual development have been summarized in several recent reviews (5, 10, 12. 31 ). Studies in experimental animals and in humans have shown alterations in brain weight, cell number, and in myelin lipids as a result of undernutrition. The mechanism of these alterations is as yet unknown, but could involve reduced brain glucose utilization. Glucose is the primary substrate utilized by the human or experiniental animal infant brain as a source of energy, and is an important substrate in the formation of many brain intermediates. Low blood glucose levels have also been shown to be common in children dying of malnutrition (30) . The present paper reports studies in undernourished and control rat pups of brain and liver utilization of [U-14C]glucose in the formation of lipids and amino acids; of brain glucose, glycogen, ATP, and phosphocreatine levels; and of the activities of four enzymes important in glucose metabolism.
MATERIALS AND METHODS
ANIMALS
Sprague-Dawley rats (32) were placed, within I2 hr after birth into nursing litters of either 4 animals to I mother for good nutrition or 16 animals to 1 mother for poor nutrition. Poorly nourished animals used for adult experiments were raised in the large nursing litters until age 21 days. and were then fed a low protein (8%) diet (33) until time of death at age 90 days. Animals were killed at appropriate ages by decapitation, except for those experiments described below in which glucose. glycogen. ATP. and phosphocreatine were determined. The pups were not fasted before time of death for any experiments.
[U-"CIGLUCOSE INCORPORATION INTO LIPIDS AND AMINO ACIDS
At ages 6, 10, 17, and 24 days, animals were injected intraperitoneally with 2.5 ~c i
[U-14C]glucose (3.0 IrCi/mM) (34) and 0.2 mg carrier glucose/60 g body weight. and killed I hr after injection. The brains and livers were each divided into two parts: one part to measure the in vivo rate of lipid formation and the remaining part to measure the in vivo rate of amino acid formation. The portion of brain or liver used for measurement of lipid formation was extracted in 2:l chloroform-methanol (35) by the method of Folch er al. (14) . with further analysis as described previously (6) . Total brain lipid was determined gravinietrically. The amino acids were separated from other constituents by the method of Gaitonde and Richter (15) as previously described by a report from our laboratory (8) .
In order to determine the total quantity of radioactivity reaching the brain, three control and three test 10-day-old rats were studied at 10, 30. and 60 min after the [U-14C]glucose injections. Animals were killed using liquid nitrogen and duplicate perchloric acidprecipitated samples from each brain prepared, as described below under ATP. Samples were then homogenized by hand using a ground glass homogenizer. and an aliquot was transferred to a scintillation vial with 0.4 g Cab-0-Sil and 10 ml dioxane scintillation fluid. A 14C standard similarly counted gave a counting efficiency of 94%.
ATP, PHOSPHOCREATINE. GLYCOGEN, AND GI.UCOSE
Animals were killed by dropping into liquid nitrogen. and the brains removed and pulverized in the frozen state (-80") as described by Lowry et al. (19) . Duplicate samples of approximately 100 mg brain powder were weighed and prepared for analysis as described previously by a report from this laboratory (6) . Glycogen and glucose (19). ATP (16) . and phosphocreatine (17) were then determined as described previously (7) .
ENZYME DETERMINATIONS
After decapitation the brains and livers were removed imniediately. blotted free of excess blood. weighed, and placed over ice. Samples were homogenized in 10 ml/g tissue of cold homogenizing medium containing 0.05 M Tris-HCI buffer, pH 7.4, with 1 m M dithiothreitol. 1 (36) recording spectrophotometer with automatic blank compensator and at a regulated temperature of 37". All assays were performed in triplicate using at least two enzyme levels and only enzyme concentration-dependent rates were accepted. Blank cuvettes contained no substrate.
RESULTS
BRAIN A N D BODY WEIGHTS
Animals raised in large nursing litters for poor nutrition had significantly lower brain and body weights at all ages than did animals raised in the small nursing litters for good nutrition (Table  I ). The body weights of the poorly nourished animals at age 24 days, although statistically lower than for control animals (P < 0.02). were higher than those usually found (4). This is attributed to an occasional mother doing exceptionally well with the large nursing litter, and to some animals rehabilitating themselves more rapidly as they began to eat the mothers' food at about age 18 days.
IN VlVO GLUCOSE INCORPORATION
[U-14C]Glucose incorporation into brain lipids ( Fig. 1 ) was greatly decreased per g wet weight of brain or per total brain in the malnourished animals. Brain lipid formation was already significantly lower in the 6-day-old animals and was only 25% of the value for well nourished control animals at age 10 days. At age 17 days. the peak time of brain lipid synthesis. the malnourished brains had less than half the rate of lipid synthesis from glucose of well nourished animals. No differences were found between lipid formation in 90-day-old controls (580 + 104 cpm/ 100 mg brain) and 90-day-old malnourished animals (495 + 112 cpm/100 mg brain).
[U-14C]Glucose incorporation into brain lipids was also expressed per mg dry lipid weight. Results, expressed in counts per Brain amino acid synthesis from [U-14C]glucose was not lower in the 6-day-old poorly nourished animals, but was less than half the value for the control animals at age 10 days (Fig. 2) . Significant differences between control and test animals, however, were not present at age 17 days or at age 90 days ( P < 0.005). In contrast to brain lipid formation, brain amino acid formation did not reach a peak in early life and continued to increase in older animals. Significant differences in amino acid formation were not found between 90-day-old well nourished (5,365 i 640 cpm/100 mg brain) and poorly nourished (5,370 i 1.885 cpm/100 mg brain) animals.
The patterns of [U-"C]glucose incorporation into liver were similar for both lipids and amino-acids (Figs. 3 and 4) . A G E (DAYS) Fig. 2. [U-14C]Glucose incorporation into brain amino acids by the same well nourished (-) and poorly nourished ( --) infant rats as in Figure   I . Results were statistically different ( P < 0.001) only at age 10 days. [U-14C]Glucose incorporation into liver lipids by the same well nourished (-) and poorly nourished (---) infant rats as in Figure I .
Results were statistically different (P < 0.001) at ages 6 and 10 days.
- statistically significant differences were present between control and test animals for both hepatic lipid and amino acid formation at age 6 days, and three-to four-fold differences were present at age 10 days. Lipid and amino acid formation were similar per g wet weight of liver in the 17-and 24-day-old control and test animals. The total quantity of radioactivity. expressed in counts per min per 0.1 g brain, was similar ( P > 0.05) for control and test animals, respectively, at 10 min: 4,882 vs. 6,230, 30 min: 11,048 vs. l I, 357, and 60 min: 1 1,929 vs. 13,947.
CONCENTRATIONS OF ATP, PHOSPHOCREATINE. GLYCOGEN. A N D GLUCOSE
The concentrations of ATP and phosphocreatine wcre not significantly different in the brains of malnourished animals as compared to controls at ages 10 or 20 days ( Table 2 ). The brain concentrations of both ATP and phosphocreatine were found to increase markedly from the 15-day-old fetus to the newborn animal (Table 2) .
Glucose levels were statistically lower ( P < 0.05) in the malnourished brains at age 20 days (Table 2 ), but levels of other intermediates did not vary between control and test animals ( P > 0.05). Blood glucose concentrations were lower in malnourished animals (91 i 12 mg/100 ml) than in well nourished animals (129 * 4 mg/100 ml) at age 10 days, but were similar at age 20 days when the pups had already initiated rehabilitation by eating the mothers' diet. Brain glucose concentrations increased from 1.54 pmol/g in the 15-day-old fetus to 2.39 pmol/g in the newborn, and then fell slightly in older animals. Glycogen concentrations fell markedly in the brain after birth with 13-15 Ccmol/g brain in the fetal and newborn animals. and levels of only 4.28 pmol/g in I0-day-old animals. Levels of brain glycogen remained relatively constant after age 10 days. difference was not statistically significant ( P > 0.05). Activities in the livers of the malnourished rats were 8 1 % lower a t age 10 d a y s (P < 0.01) and 49% lower a t age 20 d a y s ( P > 0.05).
Supernatant and mitochondria1 NADP-isocitricdehydrogenasespecific activities were not decreased ( P > 0.05) in the brains of malnourished animals a t ages 10 o r 20 d a y s (Table 3) . Activities in the liver mitochondria were statistically lower ( P < 0.01) in malnourished animals a t a g e 10 d a y s (Table 3) , but other results did not vary statistically ( P > 0.05) between control and test animals.
ENZYME ACTIVITIES
Mitochondrial glutamate dehydrogenase activity in brains from malnourished animals was statistically lower (P < 0.01) a t age 2 0 d a y s (Table 3) . Activity also w a s lower a t a g e 10 days, but t h e T a b l e 2. Brain high energy intermediates1
Phosphocreatine.
Glycogen Although pyruvate kinase activities were slightly lower in the brains (I 1%) and livers (29%) of 10-day-old malnourished animals ( 
DISCUSSION
Glucose is the primary substrate used by the inpant brain for energy metabolism and also serves as a substrate in the formation of many biochemical intermediates. The reduced incorporation of radioactivity from [U-14c]glucose to lipids in the brains of the malnourished rat pups could be the cause of lowered formation of myelin or cell wall lipids, or could just be secondary to the diminished quantities of these structures with a resultant lesser need for lipid. It was considered possible that reduced availability of glucose to the brain might occur, either because of brain uptake or low blood glucose levels. Hypoglycemia is a frequent finding in children dying of malnutrition (30) . However, blood and brain glucose levels were not in the range associated previously with hypoglycemia and impaired myelin lipid development in infant rats (7) . Furthermore, the total radioactivity reaching the brain was similar in control and test animals. This does not absolutely rule out alterations in brain glucose uptake, however, particularly at a subcellular level. It should also be noted that the rate of formation of amino acids was unaltered at ages 6 and 17 days when lipid synthesis was lower. If reduced glucose was reaching the brain it might have been expected that the formation of both would have been lower. Another possibility, which can not be ruled out from the present experiments, is that the amino acid and energy needs of the brain have priority in glucose utilization, with less substrate available in compromised situations for lipid synthesizing pathways. Protein malnutrition niay also be important in explaining the reduced incorporation of radioactivity into lipids. The pups from the large nursing litters are believed to be deficient in calories and protein, and if inadequate essential amino acids are available, altered ribosome function as described by Munro (20) in liver and/or reduced enzyme formation and/or activity (4. 6) could be responsible for reduced lipid formation.
Total radioactivity incorporated into brain lipid was expressed per mg dry lipid weight as well as per 100 mg wet brain weight. Incorporation per mg lipid might have been anticipated to have been similar in well nourished and poorly nourished brain had changes in brain lipid synthesis been the only alteration in the poorly nourished animals. Results were not similar, with the reduction in radioactivity per mg lipid weight (26-77% at ages 6-24 days) similar to the reduction per 100 mg wet brain weight (Fig. I) , and consistently greater than the quantitative reduction in dry lipid weight (11-25% at the various ages) in the poorly nourished animals. These findings may be related to other alterations in the availability or metabolism of glucose, or to changes in utilization of other substrates to supply acetate for the synthesis of cholesterol and other lipids. Patel and Tonkonow (22) compared the in vitro utilization of [U-14C]acetate and [U-L4C]glucose in rat brain slices, finding both substrates readily incorporated into nonsaponifiable lipids and fatty acids. Rates of incorporation and the ages of maximal incorporation varied for the two substrates, and would be of interest to further evaluate in vivo in control and poorly nourished rats.
Evidence was not found to suggest reduced availability of "high energy intermediates," which could occur as a result of impaired glucose utilization. Glycolysis serves as a source of brain energy in the formation of ATP, which is necessary for the continual repolarization of nerve cells, as well as for other metabolic functions. The storage of these compounds is so low in brain that continued glycolysis is essential in maintaining ATP levels (21).
Levels of ATP, phosphocreatine, glycogen. and glucose have also been found to be similar in I I-day-old malnourished and control rats (29) . Lowry et a/. (19) found similar levels of ATP and phosphocreatine in 10-day-old mouse brain as we found in 15-day-old rat brain. The lower levels of phosphocreatine than of ATP in the 15-day-old fetal animals may represent hypoxia related to the mothers' ether anesthesia, as levels are usually similar or higher for phosphocreatine (21) compared with ATP (19). Although the brain glucose levels in this investigation are similar to those described by Lowry et al. (19) in mouse brain. glycogen levels are somewhat higher. This is most likely related to species differences.
Also in support of adequate energy resources, the activity of the soluble fraction of NADP-isocitric dehydrogenase, which is believed to form NADPH for lipid synthesis, was not reduced in the brains of the undernourished animals ( Table 3 ). In a previous study. Swaiman et a/. (26) found no reduction in the specific activities of brain isocitric dehydrogenase or of 1.6-diphosphofructose aldolase (per mg DNA) in undernourished adult rats. Pyruvate kinase activity, believed to be one of the rate limiting steps in brain glycolysis (27) . was similar in control and test brains and would favor brain glycolysis not being reduced. The reduced liver pyruvate kinase activity might, in contrast. suggest lowered hepatic glycolysis. It is possible that some glycolytic product. such as acetate, might be less available to the brain tissue for lipid synthesis as a result of reduced hepatic formation.
Glutamic dehydrogenase activity was reduced 21% and 30% in the brains, and 49% and 81 % in the livers of the 10-and 20-day-old undernourished animals. Rajalakshmi et al. (23) have also described reduced glutamic dehydrogenase activity in the brains of undernourished infant rats. This enzyme catalyzes the initial step in removal of a-ketoglutarate from the Krebs cycle to form glutamate, which can then enter the important y-aminobutyric acid (GABA) cycle in the brain. It has previously been shown that the main amino acids formed in the brain after [U-14C]glucose injection are glutarnate (approximately 50%). aspartate (approximately 10% and also formed from glutamate), and GABA (approximately 10%) (18) . Reductions in activity of glutaniic dehydrogenase might explain the reduced incorporation of radioactivity froni [U-14C]glucose into brain amino acids at age I0 days. Brains from control 20-day-old rats had over 50% higher specific activity than at 10 days (Table 3) . Thus the 21% reduction in activity in undernourished animals at age 10 days may be more important physiologically than the 30% reduction at age 20 days. The rise in specific activity of this enryme, and possibly of other enzymes of the GABA cycle, are likely related to the increased rate of amino acid synthesis from [U-14C]glucose with increasing age (Fig. 2) . Balazs and Patel (3) also found a reduction in the age-dependent increase in the conversion of glucose carbon into amino acids in undernourished rats, with a normal ratio of glutamine to glutamate specific activity. At ages 10 to 17 days, in the present study, the [U-14C]glucose incorporated into brain lipids was much greater (6,000 8,000 cpm/g wet weight) than that incorporated into brain amino acids (1.200-1.600 cpm/g wet weight). As noted previously by Gaitonde and Richter (15) , older animals incorporate a larger percentage of radioactivity from glucose into amino acids than do young animals. In older animals brain amino acid synthesis utilizes a larger percentage of the [U-14C]glucose than does lipid synthesis (Fig. 2) . Undernutrition in infant rats might thus be expected to have a greater effect on lipid synthesis than on amino acid synthesis, as was found to be true, whereas in older rats undernutrition might be expected to have a greater impact on amino acid synthesis than on lipid synthesis.
Results from a previous study (18) in which similar quantities of [U-14C]glucose were injected into adult control animals and adult protein-starved animals of a much lower body weight showed increased incorporation of [U-14C]glucose into brain amino acids of the poorly nourished animals. The increased incorporation in the undernourished animals was likely due to the greatly reduced body weights, with no reduction in brain weights. so that considerably more [U-L4C]glucose per g brain weight was given to the protein-starved animals. Differences in the incorporation of radioactivity into amino acids or lipids were not found between protein-deprived and well fed adult control animals in the present study when glucose was administered on the basis of body weight. Agrawal er a/. ( I ) studied 28-day-old undernourished and control rats. and found a 25% reduction of [U-'4C]glucose into brain protein, a 21% reduction into phospholipid. a 35% reduction into glycolipid. and a 14% reduction into cholesterol in the brains of the undernourished compared with the control animals. The litter sizes were larger (22 pups/mother) than in the present study, and the undernutrition greater. The 24-day-old animals in the present study were rapidly rehabilitating themselves by eating the maternal diet, and no longer had a reduction in the incorporation of [U-14C]glucose into brain lipids.
The fetal and newborn brain glycogen levels were found to be 3 -4 times higher than in older animals. These results are somewhat different than in a previous report (9) and may be due to the recently developed methods of quick freezing to prevent glucose and glycogen breakdown. The present method of glycogen determination relies on determination of total hydrolyzed glucose and it is likely that small fractions of the glucose are contributed from sources other than glycogen. The high fetal brain glycogen results in a store of brain glycogen as the maternal glucose supply is cut at birth and correlates with the previously described increased concentrations of fetal liver glycogen in all species which have been studied ( I I).
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